SUMMARY
Precordial Doppler ultrasound (PDU), a continuous wave Doppler, is used routinely for the detection of venous air embolism during various surgical procedures [1] [2] [3] [4] . This method requires the constant attention of an anaesthetist to evaluate subtle changes in the PDU signal. Hence, a sensitive method for the automatic detection of abnormal PDU signals is needed.
More importantly, the conventional PDU method provides poor quantitative information about the volume of air entering the circulation. This information is useful, as the anaesthetist usually acts only when clinically significant volumes of air embolism are present [5] . That spectral changes of Doppler signal may be useful for such quantification was suggested in experimental conditions-for example, in the cerebral artery, air embolism resulted in an increase in high frequency spectral components [6] . The change in spectrum was proportional to the volume of air embolism, presumably reflecting the air bubbles travelling at a speed greater than that of blood [7] . In the case of the heart, where fluid dynamics become complex, the received PDU signal consisted of spectral shifts over a broad frequency range and could display even more complex changes, especially if air bubbles moved at different velocities during the cardiac cycle [8] .
At present, the complex spectral changes of the PDU signal associated with controlled injections of air are unknown. As part of a continuing effort to develop a quantitative and automatic PDU system, we have examined the frequency changes in the embolic PDU signal, focusing on the changes at the high frequency end. To characterize the high frequency change of the spectrum, we estimated its maximum frequency (Fmax) using the percentileand-threshold crossing method [9] , which has demonstrated advantages over similar algorithms. To test the sensitivity of the spectral approach, we used small volumes of air (0.01-0.1 ml) to simulate the condition of subclinical venous air embolism in the dog. The other rationale for using very small volumes of air was to minimize the cumulative effects of air bubbles in the same animal with repeated injections, and to avoid cardiac arrhythmia induced by large volumes of air. Preliminary results have been presented in abstract form [10] .
MATERIALS AND METHODS
The study was approved by the Animal Research Committee of the Veterans General Hospital, Taipei. Seven mongrel dogs weighing 10-12 kg were anaesthetized with pentobarbitone 40 mg kg" 1 i.v. and placed in the supine position. The trachea was intubated with a cuffed tracheal tube and the lungs ventilated mechanically with 100 % oxygen and tidal volume 15-20 ml kg" 1 (Ohmeda Respirator 7000). Ventilation was adjusted to maintain end-tidal carbon dioxide concentration (E' COI ) between 4.0 and 5.0% as detected by an infra-red sensor (Normac, Datex). Cardiac rhythm was monitored by elec- 1 i.v. Rectal temperature was controlled at 37 ± 1 °C using a heating lamp, and 0.9% normal saline in glucose solution was infused i.v. at 3 ml kg" 1 h" 1 to maintain a constant blood volume.
A generous quantity of coupling gel (Aquasonic 100, Parker Lab., U.S.A.) was applied thoroughly to the face of the Doppler ultrasonic flow transducer (2.4 MHz, Versatone, model P-81, MedaSonic, U.S.A.), which was then placed over the shaved skin at the right lateral border of the sternum and secured around the chest by Micropore tapes. In the MedaSonic, the Doppler circuit amplifies only those velocity components representing forward flow with respect to the probe-the reverse flow is not detected. The correct placement of the transducer over the heart was confirmed by a clearly audible turbulence sound induced by a rapid injection of saline 10 ml into the external jugular vein. The electrical output of the PDU system was recorded first on an audio tape recorder (Sony Professional, Japan), and later digitized at 4-kHz, 12-bit resolution on a Workstation (IBM 386 with a Data Translation Interface board, DT-2801A) for off-line analysis. The overall frequency response of the recording system was flat ( + 3 dB) from 20 Hz to 18 kHz.
After background PDU signals were obtained at the end of a 15-min stabilization period, air was systematically injected with a microsyringe (100-ul, Hamilton) through a 20-gauge needle inserted into the catheter through the plastic hub of the i.v. giving set. We followed ascending volume steps (0.01, 0.02, 0.05 and 0.1 ml) with a 5-min interval between injections. Air was invariably injected as a quick bolus, and then flushed rapidly into the venous circulation with normal saline 0.5 ml. The ventilator was turned off temporarily during a 20-s period at the time of injections, to minimize respiratory artefacts that could interfere with data collection. For each data segment, 5 s of pre-injection PDU signals (consisting of about 15 heart beats) was recorded to represent control heart sound, followed by the next 15 s of post-injection signals (about 45 beats, which contained the embolic heart sounds). The animal was hyperventilated just before data collection in order to minimize the increase in E' COJ during recording.
To examine gross changes in the frequency spectrum, we quantified the spectral contents on the basis of "single heart beat" (or single cardiac cycle). We selected the first 10 control heart beats from the raw audio signal and used their full wave rectified average as a template for each of the 20-s data segments. The template (256 m long, 1024 points, non-smoothed) was moved systematically through the full wave rectified peri-injection segment in 5-ms steps while computing for cross-correlation co- 
FIG. 2. Estimating
Fmax of a spectrum using the hybrid method of percentile-and-threshold crossing. A: Spectrum of a control heart sound (single beat) plotted with its "spectral noise" (3% of total spectral power, horizontal line next to the AT-axis). B: Representing the spectrum in A in terms of integrated power (irregular line). The 3 % spectrum is represented here in unit of power/spectral range (inclined line); a common point with the integrated power curve is shown at the asterisk. The X-axis of the crossing point (arrow) defines Fmax, where the spectral power of the signal exceeds the background noise from the high frequency end. See text for further details. Gaussian envelopes are then generated (bell-shaped curves). The width (or sigma value) of each envelope is set according to the rate of change in MPF with respect to its preceding window. C: Corresponding frequency spectra generated by STFT (full display of results is in figure 8 ).
efficients. The correlogram displayed a series of periodic peaks corresponding to the incidence of individual heart beats ( fig. 1) . A Gaussian window (sigma = 0.3) was then multiplied with each identified beat and Fast-Fourier Transform (FFT) was performed over those time spans (each of 256 ms, 1024 points) corresponding to the occurrence of individual heart beats. Fmax of the spectrum was estimated using the hybrid algorithm of percentile-and-threshold crossing [9] . Briefly, the average background signal of the spectral region representing the top 3 % of the entire frequency spectrum was computed first ( fig. 2 A) , then the integrated power profile of the whole spectrum was generated ( fig. 2B ). The background signal (ratio of spectral energy to spectral band) was overlaid on the integrated spectral profile with a common point at the spectral maximum ( fig. 2 B,  asterisk) . The intersection of these two curves represents Fmax on its horizontal axis. Fmax would hence be defined as the frequency at which the PDU signal began to increase to greater than background noise level in the spectrum, as measured from the high frequency end. For a given 20-s data segment, Fmax of the control PDU signal before any air injection was taken as reference for that animal. Spectral power at frequencies greater than this Fmax was defined as the high frequency (HF) component.
To examine finer temporal changes in the frequency spectrum, we used a Short Time Fourier Transform (STFT) (fig. 3 ). This STFT procedure was necessary because the embolic heart sounds caused by the passage of small air bubbles produced rapid changes in the PDU waveforms and hence represented a non-stationary signal handled poorly by conventional FFT procedures [11] . We varied the width of a Gaussian window according to the "instantaneous" change in the mean power frequency (MPF) of the spectra [12] . This procedure involved two stages of analysis: first, the entire 20-s data segment was partitioned into a series of shorter segments (32 ms, 128 data points), with 5 ms (20 data points) of overlap. For each of these 32-ms segments, a frequency spectrum was obtained (with a fixed Gaussian window; sigma = 0.3), and for each spectrum its MPF was calculated in accordance with the following equation:
MPF=£f+P(f)/Y J P(f)
h h where / = frequency; /, = lower cut-off frequency; /" = higher cut-off frequency; P(f) = power at a frequency, /. The second analysis was similar to the first one, except the width of the Gaussian windows was now varied instead of fixed. For each of the 32-ms data segments, the sigma value of the Gaussian window was chosen according to the rate of change in MPF of the segments with respect to each preceding neighbour (sigma = 0.1 x [MPF change] Hz s" 1 )-A rapid change in MPF thus resulted in a narrow window. This procedure had the advantage of minimizing the effects of spectral spreading found in the conventional moving FFT procedure, and allowing the spectral changes to be related to different parts of the cardiac cycle.
The correlation between embolic air volume and change in Fmax or integrated HF components at frequencies greater than control Fmax was dien examined for significance by linear regression. Student's t test was used whenever appropriate. Results are reported as mean (SEM); P < 0.05 was considered significant.
RESULTS
Within the same animal, the spectrum of the control heart sounds before air injections was reproducible ( fig. 4A ). For the seven animals, the mode of this spectrum was averaged at 128 (SD 40) Hz, which was relatively constant during the course of experiment. The spectral energy occupied the range of frequencies less than 369 Hz which represented their mean Fmax. In the control heart sounds, the beat-to-beat variation in Fmax within the same animal was small (< 10%) compared with the larger range in Fmax across animals (178-451 Hz).
With the smallest volume of air injected (0.01 ml), there were already measurable changes in the frequency spectrum. Typically, Fmax of at least one heart beat was shifted to a higher frequency within the first 2 s after air injection ( fig. 4B, C) . This change was not observed in the control with an injection of 0.5 ml of saline (the volume of fluid used for flushing the air down the vein).
At volumes of 0.05 ml and greater, the increase in the single beat Fmax greater than control was statistically significant (P < 0.05). The correlation between volume of air injected and the greatest single-beat Fmax in the period after injection was significant (P < 0.01) ( fig. 5) .
Concomitant with the increase in Fmax, the integrated power of HF components at frequencies greater than Fmax of the control also increased. With larger volumes of air, such increases in HF could be found in a number of post-injection beats, but lasted usually no longer than 15 beats after the injection (fig. 6 ). The delayed change in HF of three to six post-injection heart beats was observed consistently at all volumes of air studied, reflecting the circulation time of the air from the external jugular vein to the heart.
The relationship between volume of air injected and the integrated HF components at frequencies greater than control Fmax was studied over the first 15 heart beats (or about 5 s) in the period after injection. We summed all the spectral power at frequencies greater than control Fmax in those beats and plotted the results against the volume of air injected ( fig. 7A) was significant at volumes greater than 0.02 ml (P < 0.05). The correlation between the HF components and the volume of air injected was significant also (P < 0.01).
From those post-injection beats of the seven dogs, there was a significant correlation between the largest value of the single-beat Fmax and the integrated power of the HF components (P < 0.01).
As four successive air injections were given to the same animal within a period of nearly 30 min, there could have been cumulative effects in the spectrum. To examine this, we measured the HF components of 15 heart beats preceding each of the four air injections. Compared with control, there was a smaller increase in the HF components ( fig. 7 A, dotted line) (P < 0.05). Correcting for this cumu- lative change in the spectrum (by subtracting from each post-injection data point its corresponding preinjection value), a significant relationship was found between volume of air injected and the increase in integrated power of the HF components (P < 0.05) ( fig. 7B ). We also measured the cumulative effects of air injection on the mean Fmax in the periods before injection. There was a small increase in mean Fmax with repeated air injections, but this relationship was not statistically significant.
With small volumes of air injection, the extra HF components appeared prominently and briefly towards the later part of a cardiac cycle, corresponding with the phase of ventricular systole ( fig.  8 A-c) . At larger volumes ( fig. 8D ), the increase in HF components was found more extensively throughout the entire cardiac cycle, especially at the initial phase of both ventricular and atrial contractions. probably reflected manifestations of the same phenomenon : an increase in high frequency energy. The integrated power of the HF components appeared to be comparable in sensitivity to that of Fmax, although it was slightly more sensitive in detecting the cumulative venous air embolism.
As air bubbles could be recirculated and could remain inside the heart for a few cycles, the present method of integrating spectral power over the postinjection time may have overestimated the volume of air in transit through the heart, producing some nonlinearity in the results.
In further attempts to accurately quantify venous air embolism on the basis of spectral analysis of the PDU signal, one should not ignore individual variations as reflected in the large range of control Fmax values across animals. Using the present method of placing the PDU probe, we may control only the proximity of the probe to the heart, but certainly not the orientation of the probe with respect to the cardiac velocity vector. This could explain the large individual variations in control Fmax across animals. It was interesting to note that the animal in which we observed the clearest change in spectrum was also the one showing the largest control value of Fmax.
The operation of PDU involved two piezoelectric devices-one for continuous transmission of ultrasound, the other for continuous reception of back-scattered signals. With air introduced into the blood stream, because of the large difference in impedance to ultrasounds between air and blood (about 4000-fold) [8] , strong reflection of the ultrasonic signal would occur, causing large amplitudes in the reflected spectrum. Particles moving in the PDU field produce an upshift in the Doppler spectrum when their velocity towards the probe is increased [7] . There is no evidence to show to what extent air bubbles may resemble particles travelling in blood but, if they did to some extent, one would expect from Newton's law (/ = ma) that, because of its lighter mass, air subjected to the same force of the ventricle would be ejected into the pulmonary artery at a speed greater than that of the surrounding blood. This is consistent with our observation that the HF components appeared at high positions in the spectrum and in a transient manner near the ventricular systole, indicating a reflective air-blood interface approaching the ultrasonic probe at great speed. The exact temporal relationship between the appearance of the HF components and the cardiac events needs to be confirmed, however-for example with simultaneous measurement of the blood flow in the pulmonary artery.
Despite obvious differences in organ geometry and fluid dynamics, there is striking similarity in results between the heart and the cerebral artery [6] in terms of the relationship between air injection and HF components. This could be explained by the fluid dynamics common to the cerebral blood vessel and the pulmonary artery.
Using the HF components to detect the passage of air bubbles through the heart or blood vessels proved to be extremely sensitive (to as little as 0.01 ml). In fact, this is as sensitive as the imaging method of transoesophageal Doppler echocardiography (TDE) [4] . In comparison with TDE, spectral analysis has the advantage of being implemented easily as a realtime system (using real-time FFT hardware) for automatic and quantitative detection of the embolic air. TDE is an imaging method that requires more complex data processing, in addition to having a greater cost.
The residual increase in HF components observed in the PDU signals after multiple air injections was surprising as it lasted up to 5 min, even with small venous air emboli. This suggests that air may be trapped for an extended period of time within the heart, perhaps in the form of fine bubbles. This finding on the cumulative effects of air injection may be useful for designing an early alarm system against venous air embolism. The exact time-course of such cumulative effects, especially with larger volumes of air injection when clinical consequences of venous air embolism become important, awaits further study.
It should be pointed out that changes in the PDU signal were not restricted to the high frequency end. The entire spectrum of embolic heart sounds was often altered drastically compared with the control. In the present study, no attempt was made to evaluate the more complex changes in the lower frequency range.
